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Abstract 

Background: The use of gold nanoparticles (AuNPs) for diagnostic applications and for drug and gene-delivery is 
currently under intensive investigation. For such applications, biocompatibility and the absence of cytotoxicity of 
AuNPs is essential. Although generally considered as highly biocompatible, previous in vitro studies have shown 
that cytotoxicity of AuNPs in certain human epithelial cells was observed. In particular, the degree of purification 
of AuNPs (presence of sodium citrate residues on the particles) was shown to affect the proliferation and induce 
cytotoxicity in these cells. To expand these studies, we have examined if the effects are related to nanoparticle size 
(10, 11 nm, 25 nm), to the presence of sodium citrate on the particles' surface or they are due to a varying degree 
of internalization of the AuNPs. Since two cell types are present in the major barriers to the outside in the human 
body, we have also included endothelial cells from the vasculature and blood brain barrier. 

Results: Transmission electron microscopy demonstrates that the internalized gold nanoparticles are located within 
vesicles. Increased cytotoxicity was observed after exposure to AuNPs and was found to be concentration- 
dependent. In addition, cell viability and the proliferation of both endothelial cells decreased after exposure to 
gold nanoparticles, especially at high concentrations. Moreover, in contrast to the size of the particles (10 nm, 
1 1 nm, 25 nm), the presence of sodium citrate on the nanoparticle surface appeared to enhance these effects. 
The effects on microvascular endothelial cells from blood vessels were slightly enhanced compared to the effects 
on brain-derived endothelial cells. A quantification of AuNPs within cells by ICP-AES showed that epithelial cells 
internalized a higher quantity of AuNPs compared to endothelial cells and that the quantity of uptake is not 
correlated with the amount of sodium citrate on the nanoparticles' surface. 

Conclusions: In conclusion the higher amount of citrate on the particle surface resulted in a higher impairment 
of cell viability, but did not enhance or reduce the uptake behavior in endothelial or epithelial cells. In addition, 
epithelial and endothelial cells exhibited different uptake behaviors for citrate-stabilized gold nanoparticles, which 
might be related to different interactions occurring at the nanoparticle-cell-surface interface. The different uptake in 
epithelial cells might explain the higher reduction of proliferation of these cells after exposure to AuNPs treatment 
although more detailed investigations are necessary to determine subcellular events. Nevertheless an extrinsic effect 
of sodium-citrate stabilized particles could not be excluded. Thus, the amount of sodium citrate should be reduced 
to a level on which the stability of the particles and the safety for biomedical applications are guaranteed. 
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Background 

Interest in using gold nanoparticles (AuNPs) in medical 
applications has surged in the last few years following 
numerous studies showing that drug, protein or gene 
delivery and cancer therapies, imaging enhancements, 
as well as further medical diagnostics are more efficient 
when coupled to nanoparticles [1,2]. However, with the 
increase in the production of unique nanomaterials 
a need arises for well-defined methods to evaluate 
and characterize nanomaterials in order to ensure that 
safety risks for people and the environment are as low 
as possible. 

Although AuNPs appear to be promising for medical 
applications on account of their bioinert character and 
high biocompatibility, several studies have shown that a 
toxic effect of AuNPs on cells cannot be excluded. 
AuNPs can cause nephrotoxicity and cell death of ery- 
throcytes in vivo [3,4] and 13 nm-sized PEGylated gold 
nanoparticles were reported to accumulate in the liver 
and to induce inflammation and apoptosis in BALB/c 
mice [5], In addition to time- and dose-dependent 
effects of AuNPs, physicochemical properties, such as 
surface charge and surface modification as well as shape 
and size of the nanoparticles, may play a role in produ- 
cing toxic effects, and influence their aggregation state 
[6,7]. In addition, it has been shown that the surface 
charge of AuNPs highly influences the uptake properties 
in ovarian cancer CP70 cells [8]. Compared to anionic 
gold nanoparticles, cationic gold nanoparticles have a 
higher affinity for the negatively-charged cell surface 
residues. However, the positive charges of the surface- 
modified nanoparticles can also result in an increased 
cytotoxicity in HeLa [9], ovarian cancer cells CP70, 
A2780 and the airway cells, BEC and ASM [8]. These 
studies revealed that although the bulk material is 
bioinert, the nano-sized counterparts can lead to cyto- 
toxicity due to the altered surface properties which 
accompany decreased size. Recently, we have also shown 
that the presence of stabilizers, such as sodium citrate, 
on the surface of gold nanoparticles can induce cytotox- 
icity in the human lung AT-II-like cell lines, A549 and 
NCIH441 [10]. 

Epithelial cells are the primary cell types that have 
been used to examine the toxicological and mechanisms 
of uptake in in vitro studies. Endothelial cells, which are 
the primary cell-type making up the vasculature, are 
present in nearly all tissues and organs, and are primar- 
ily responsible for the transport of nutrients and waste, 
as well as presenting a barrier to the infiltration of 
bacteria and viruses as well as toxic compounds and 
molecules. Investigations with endothelial cells and their 
interaction with nanoparticles are necessary since these 
cells will most likely come into contact with nanoparti- 
cles after exposure, whether absorption via the skin or 



mucosal surfaces, inhalation, swallowing, or injection. 
The key role played by vascular endothelial cells in 
physiological and pathological processes [11,12] makes 
study of the effects of nanoparticles on endothelial cells 
of great interest and relevance for clinical applications. 
Moreover, nanoparticulate drug-delivery systems need to 
overcome the barrier generated by endothelial cells to 
reach the region of interest. Thus, the uptake, transport 
and possible accumulation of nanoparticles in endothe- 
lial cells need to be considered, especially with respect 
to the heterogeneity of the endothelium. To further 
investigate the effects that gold nanoparticles have on 
human cells, in these studies we have examined human 
endothelial cells to compare and to determine if differ- 
ences in the amount of internalized nanoparticles in 
epithelial and endothelial cells exist. In addition to 
the investigations with human cell lines, Kunzman and 
co-workers recommended the use of primary cell cul- 
tures as model systems. Primary cultures, in fact, simu- 
late more closely the in vivo situation than immortalized 
cell lines, so that the comparison between primary and 
immortalized cells is of great importance in establishing 
suitable models to investigate cytotoxic effects [13]. The 
need to study endothelial cell interaction with nanoparti- 
cles is also demonstrated by the recent literature. The 
group around Kanaras investigated the interaction 
between primary macrovascular human endothelial cells 
(Huvec) and gold nanoparticles with different morpholo- 
gies [14,15]. 

The goal of the present studies was to examine the 
effects of gold nanoparticles on the viability of human 
microvascular endothelial cells, whereby comparisons 
were made between primary human dermal microvascu- 
lar endothelial cells (HDMEC) and a human cerebral 
microvascular endothelial cell line (hCMEC/D3). We 
also investigated the relationship between cytotoxicity, 
the amount of internalized AuNPs and if the presence of 
gold nanoparticle stabilizers, such as sodium citrate, 
affects the viability and the uptake of gold nanoparticles 
in HDMEC and hCMEC. To determine this we quantified 
and compared the amount of internalized gold nano- 
particles in endothelial cells using inductively coupled 
plasma-atomic emission spectroscopy (ICP-AES) and 
compared the results to those observed in epithelial cell 
lines (A549 and NCIH441). 

Results 

Cytotoxicity of gold nanoparticles on endothelial cells 

To determine if 10 nm- and 25 nm-sized gold nanopar- 
ticles (AuNPs) exhibit cytotoxic effects on HDMEC and 
hCMEC/D3, cells were exposed to different concentra- 
tions (50-100-500-1000 (iM) of AuNPs for 48 hours 
and cell viability was measured using the CellTiter 
96® AQueous Non-Radioactive Cell Proliferation Assay 
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(MTS) (Figure 1). A decrease in the cell viability of 
hCMEC (Figure 1A) was only observed when AuNPs 
concentrations were above 500 uM. Only a slight decrease 
in viability was observed after exposure to 1000 uM 
AuS0302-RIS02 and AuS0302-RIS04. In contrast to the 
AuNPs with an excess of sodium citrate on their surface 
(AuS0302-RIS02 and AuS0302-RIS04), no effect on the 
viability of hCMEC/D3 was observed after 48 hours of 
AuS0302-RIT exposure. In addition, HDMEC (Figure IB) 
were not negatively affected by exposure to 1000 uM 
AuS0302-RIT. However, a significant increase in cell via- 
bility to 107% and 108% compared to the untreated con- 
trol was determined after the treatment with 500 uM and 
1000 (iM AuS0302-RIT, respectively. Interestingly, the cell 
viability of HDMEC (Figure IB) significandy decreased 
after 48 hours of exposure to 1000 u.M AuS0302-RIS02 
and AuS0302-RIS04. 

To identify a possible impact of AuNPs on the prolif- 
eration of HDMEC and hCMEC, the amount of nuclear 
Ki-67, a protein expressed by all cells in the active cell 
cycle, was determined after exposure to gold nanoparti- 
cles. In both HDMEC and hCMEC a dose-dependent 
decrease in the Ki-67 expression could be detected 
(Figure 1C and D). At low doses (50 uM and 100 uM) 
AuNPs slightly decreased the expression of Ki-67, while 
in HDMEC the treatment with 50 uM AuS0302-RIT04 



significandy reduced the Ki-67 expression. In addition, 
after exposure to 500 uM of AuS0302-RIS04 a significant 
greater decrease of Ki-67 expression was observed. After 
exposure to high doses of 1000 uM AuS0302-RIS04 the 
expression further decreased. The smaller gold nanopar- 
ticles AuS0302-RIS02 (11 nm) induced a milder, but sig- 
nificant reduction of Ki-67 expression in both cell types 
compared to AuS0302-RIS04 (25 nm). After exposure to 
1000 uM AuS0302-RIS02 the expression of Ki-67 was 
significandy impaired, while the expression of Ki-67 after 
exposure to 1000 uM AuS0302-RIT was only slightly 
decreased in both endothelial cell types. 

The induction of cytotoxicity after incubation with 
gold nanoparticles was further investigated by examining 
the amount of lactate dehydrogenase (LDH) released 
into the supernatant. Up to 100 uM gold nanoparticles 
did not induce cytotoxicity in HDMEC and hCMEC. 
Nevertheless, as shown in Figure 2, a concentration- 
dependent release of LDH following exposure to gold 
nanoparticles could be measured. Furthermore, AuS0302- 
RIT did not induce toxicity in HDMEC and hCMEC even 
after 48 h incubation. In contrast, compared to untreated 
control cells, a slight increase of LDH release into the 
supernatant was detected after stimulation of HDMEC 
and hCMEC/D3 with 500 uM and 1000 uM AuS0302- 
RIS02 and AuS0302-RIS04. 
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Figure 1 Viability and proliferation of endothelial cells after 48 h exposure to AuNPs. The endothelial cells hCMEC/D3 (A + C) and HDMEC 
(B + D) were exposed for 48 hours to different amounts of gold nanoparticles ranging from 50 uM up to 1 000 uM. Cell viability was measured by 
the MTS assay (A + B) and compared to untreated cells (Ctrl), whose viability was set at 100%. The proliferation was detected by measuring the 
proliferation factor Ki-67 (C + D). Each result represents the mean ± standard deviation of four independent experiments, each of these was 
performed at least in triplicates (ONEway ANOVA with Dunnetts t-test: * P < 0,5; ** P < 0,05; *** P < 0.001 ). 
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Figure 2 LDH release in hCMEC/D3 and HDMEC after 48 h exposure to AuNPs. The endothelial cells hCMEC/D3 (A) and HDMEC (B) were 
exposed to different amounts of gold nanoparticles (50 uM - 1000 uM) for 48 hours. Gold-induced cytotoxicity was measured by the LDH release 
into the supernatant by an enzymatic assay system. As positive control lysed cells were used and set at 100% (lysis). The spontaneous LDH 
releases of untreated cells are indicated by the black horizontal line. Each result represents the mean ± standard deviation of three independent 
experiments, each of these was performed at least in triplicates (ONEway ANOVA with Dunnetts t-test: * P < 0.5; ** P < 0.05; *** P < 0.001). 



Transmission electron microscopical analysis of the 
uptake of gold nanoparticles by different endothelial 
cell types 

To investigate the uptake of AuS0302-RIT, AuS0302- 
RIS02 and AuS0302-RIS04, we incubated HDMEC and 
hCMEC with a non-toxic dose of gold nanoparticles 
(300 (iM) for 24 hours and then confirmed the uptake 
by transmission electron microscopical (TEM) analysis. 
In a previous study we demonstrated that AuS0302-RIT, 
AuS0302-RIS02 and AuS0302-RIS04 were taken up by 
the human alveolar type-II -like epithelial cell lines, 
A549 and NCIH441, after 3 hours incubation [10]. In 
the present study we investigated the quantity of inter- 
nalized gold nanoparticles (AuS0302-RIT, AuS0302- 
RIS02 and AuS0302-RIS04) after an incubation time of 
24 hours (see Additional file 1: Internalization of gold 
nanoparticles in A549 and NCIH441 analysed by trans- 
mission electron microscopy). As already shown in epi- 
thelial cells [10], it could be demonstrated that the 
gold nanoparticles in the same concentration were inter- 
nalized by endothelial cells and were stored in vesicles 
mostly located in the perinuclear region (Figure 3). Add- 
itionally, no particles could be detected in the cytosol 
or in other cellular compartments, such as nuclei or 
mitochondria. Although a high concentration of AuNPs 
(300 uM) was used to investigate the uptake of 
AuS0302-RIT, AuS0302-RIS02 and AuS0302-RIS04 in 
HDMEC and hCMEC, only few nanoparticles were 
internalized compared to the reaction in epithelial cells 
[10]. In addition, the comparison of the amount of inter- 
nalized gold nanoparticles did not reveal any difference 
that could be linked to the presence of different amounts 
of surface-bound sodium citrate or nanoparticle size. 
Moreover, differences in the amount of gold nanoparti- 
cles taken up into the two different endothelial cell types 



were not detected by TEM (Figure 3). To quantify the 
exact number of internalized gold nanoparticles, the 
entire cell population exposed to the nanoparticles was 
analyzed by inductively coupled plasma and atomic 
emission spectroscopy (ICP-AES). 

Quantification of the internalized gold nanoparticles 

Compared to image analysis, inductively coupled plasma 
and atomic emission spectroscopy (ICP-AES) is a more 
sensitive and accurate method to quantify small amounts 
of gold nanoparticles within cells. ICP-AES can detect 
differences in the internalized gold concentrations of the 
order of parts per billion. In addition to the high sensi- 
tivity of the method a high number of cells can be ana- 
lyzed simultaneously [15-18]. We analyzed the ICP-AES 
data in two different ways. In Figure 4A the number of 
particles was determined while in Figure 4B the percent- 
age uptake of particles into cells, as a function of the ini- 
tial amount applied, is shown. Both data sets are of 
importance since the nanoparticles which are not inter- 
nalized might show a different biodistribution and cause 
side effects after application in vivo. 

In general, compared to the endothelial cells, HDMEC 
and hCMEC, epithelial cells (A549 and NCIH441) inter- 
nalized a larger number of all gold nanoparticles. More- 
over, as demonstrated in Figure 4B the endothelial cells 
internalize a very small amount of gold nanoparticles 
compared to the initial amount applied (less than 5%). 
In addition to that, it was shown that a difference existed 
in the uptake of the smaller sized gold nanoparticles 
(AuS0302-RIT (10 nm), AuS0302-RIS02 (11 ran)) com- 
pared to AuS0302-RIS04 (25 nm), while the smaller par- 
ticles were internalized in a higher quantity by both 
epithelial cells, A549 and NCIH441 (Figure 4A). Further- 
more, the amount of particles internalized compared to 



Freese et al. Particle and Fibre Toxicology 2012, 9:23 
http://www.particleandfibretoxicology.eom/content/9/1/23 



Page 5 of 1 1 



AuS0302-RIT AuS0302-RIS-02 AuS0302-RIS-04 



' * x ^ » '.. r \ 


' .1-, ' ^ s ^ 




•v - * 

♦ •* " 


E 

-. * „ ; if 
•> • ■* • * - - 

* ' ^ v 

— s 


9 * -* # ^ 



Figure 3 Internalization of gold nanoparticles in HDMEC and hCMEC/D3 analyzed by transmission electron microscopy. HDMEC (A C) 
and hCMEC/D3 (D-F) were incubated with 300 uM gold nanoparticles for 24 hours. After exposure, cells were extensively washed, fixed with 
paraformaldehyde and examined by transmission electron microscopy (TEM). AuS0302-RIT, AuS0302-RIS02 and AuS0302-RIS04 were found in 
intracellular vesicles which were mostly located in the perinuclear region. The arrow heads indicate the gold nanoparticles within the vesicles. 
Scale bar: 1 urn. 



that in the suspension is also less after treatment with 
AuS0302-RIS04 compared to AuS0302-RIT and -RIS02. 
However, a significant difference in internalized amounts 
of AuS0302-RIT and -RIS02 did not exist (Figure 4B), 
although the number of AuS0302-RIS02 compared to 
-RIT in A549 is significantly lower (Figure 4A). In 



contrast to epithelial cells and summarizing the result 
of both analyzes, HDMEC internalized AuS0302-RIS04 
(25 nm) particles best but also in a lower quantity than 
the epithelial cells. However, the same uptake behavior 
was not detected in brain endothelial cells (hCMEC). 
Furthermore, a difference in the amount of internalized 
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Figure 4 Quantification of internalized gold nanoparticles in endothelial and epithelial cells by ICP-AES. Both epithelial cells (H441 and 
A549) and endothelial cells (HDMEC and hCMEC/D3) were incubated with 50 uM gold nanoparticles at 37°C for 24 hours. Cells were extensively 
washed, lysed by aqua regia (3:1 hydrochloric acid : nitric acid) and analyzed for gold concentration by ICP-AES. In (A) the total number of 
particles per area was calculated, while in (B) the percentage uptake of particles into cells, as a function of the total amount applied, was 
determined, (duplicate of three independent experiments). 
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gold nanoparticles between the two epithelial cell types 
was also detected. The most noticeable and significant 
difference was observed after exposure to AuS0302-RIT. 
The number of AuS0302-RIT nanoparticles internalized 
in A549 was two-fold higher compared to NCIH441 
cells. As demonstrated in Figure 4 B, the data of interna- 
lized AuS0302-RIT nanoparticles compared to the initial 
concentration emphasizes this difference while A549 
and H441 cells internalized 36% and 19% of total 
available gold nanoparticles, respectively. In summary, 
the epithelial cells internalized a higher amount of 
gold nanoparticles than the endothelial cell types after 
24 hours. In addition, the size of the nanoparticles influ- 
enced the amount of internalized gold nanoparticles. 
The epithelial cells internalized a higher amount of 
smaller gold nanoparticles (-RIT and -RIS02) while 
HDMEC showed a higher affinity to the 25 nm-sized 
particles (-RIS04) compared to the smaller gold nano- 
particles. However, in these studies gold nanoparticles 
were internalized in very low amounts by brain endothe- 
lial cells. Interestingly, the amount of sodium citrate 
on the particle surfaces did not influence the uptake 
into cells. 

Discussion 

Uboldi et al. have recently demonstrated that AuNPs 
induced cytotoxicity in the AT-II-like human epithelial 
cells, A549 and H441, and the effects exerted by gold 
nanoparticles (AuNPs) correlated with the presence of 
sodium citrate on the particle surface [10]. In this study 
we wished to determine if the same effect would be 
observed in human endothelial cells after exposure to 
the same gold nanoparticles. AuS0302-RIT, AuS0302- 
RIS02 and AuS0302-RIS04, which have sizes of 10 nm, 
11 nm and 25 nm respectively, as well as different 
amounts of sodium citrate on their surface, were studied 
with respect to their potential cytotoxicity and their 
uptake behavior. 

We found that only high concentrations of AuNPs 
(500 uM and 1000 uM) negatively influence the cell via- 
bility in both endothelial cell types. The significant 
increase in cell viability after the treatment with 500 uM 
and 1000 uM AuS0302-RIT is not fully understood but 
may be explained by a higher mitochondrial activity of 
cells incubated with up to 1000 uM gold nanoparticles 
or a very slight cross-reaction of gold nanoparticles with 
the substrate of the MTS assay. In addition, a small but 
not significant increase in cell viability of hCMEC and 
NCIH441 could also be observed [10]. Thus, to exclude 
misinterpretation of the data three different assays 
(MTS, LDH, and proliferation experiments) were per- 
formed to determine the effects on the cell viability. In 
summary, a positive effect on cell viability after treat- 
ment with 500-1000 uM AuS0302-RIT cannot be 



determined. Furthermore a decrease in proliferation 
rate as measured by an assay for the proliferation factor 
Ki-67 [19-21], was higher in primary human dermal 
microvascular endothelial cells (HDMEC) compared to 
the human cerebral microvascular endothelial cell line, 
(hCMEC/D3). Even 50 uM AuS0302-RIS04 decreased 
the proliferation rate in HDMEC while the proliferation 
in hCMEC exposed to this concentration was not 
affected. The higher amount of internalized AuS0302- 
RIS04 might be the reason for the decrease of cell prolif- 
eration of HDMEC compared to hCMEC after exposure 
to 50 uM gold nanoparticles. Dyer and Patterson showed 
that numerous properties and characteristics of endothe- 
lial cells from various locations of the body differ [22]. 
These variations (i.e. permeability, surface receptors) 
might generally explain the reduced proliferation rate 
(here determined by Ki67 expression) in HDMEC after 
exposure to 50 uM AuS0302-RIS04. In addition to that 
the increased particle concentration within the cells 
might decrease the motility of the cells and thus might 
impair the cell growth and the proliferation. Mironava 
et al. has previously shown that increased uptake of 
nanoparticles in human dermal fibroblast was accom- 
panied by a higher amount of vesicles within the cells 
which impaired the cytoskeleton and influenced cell div- 
ision [23]. However an overload of the endothelial cells 
with gold nanoparticles could not be observed using 
transmission electron microscopy (TEM). In addition, 
cell cycle arrest might also be an explanation for 
decreased proliferation. It has previously shown that 
human prostate cancer cells (DU-145) arrested in G2/M 
phase of the cell cycle after exposure to AuNPs [24]. In 
general, this arrest was shown to be accompanied by 
increased apoptosis [25,26]. However, after treatment 
with 50 uM of gold nanoparticles no increase of cell 
death (measured by LDH-assay) was determined in our 
investigations. Only much higher concentrations of gold 
nanoparticles (>500 uM) resulted in an increased cell 
death in both endothelial cell types. These observations 
might be explained by the arrest in G2/M phase. Since 
AuS0302-RIS02 (11 nm) and AuS0302-RIS04 (25 nm) 
but not AuS0302-RIT (10 nm) induced these effects, 
it could be concluded that the size of the AuNPs was 
not a significant factor, but that the higher amount of 
sodium citrate on the particle surface was the cause for 
the increase of cytotoxicity. Certainly, the higher con- 
centrations of gold nanoparticles (>500 uM) resulted in 
a decreased proliferation rate of both endothelial cells 
even after exposure to AuS0302-RIT. However the 
effects on proliferation by particles with a high amount 
of sodium citrate were higher compared to the effects 
caused by AuS0302-RIT. In general, citrate-stabilized 
gold nanoparticles may build agglomerates in cell cul- 
ture media with serum proteins. So, not only single gold 
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nanoparticles but potential agglomerates come into con- 
tact with cells. Due to the different citrate concentra- 
tions of the particles different amounts of agglomerates 
may be built and various impacts on cells may be the 
result. This may explain the effect of the gold nanoparti- 
cles with higher citrate concentration on all cell types. 
However, the group around Gosens has previously 
shown that the effects of single and agglomerated 
citrate-stabilized gold nanoparticles on lung cells were 
not altered [27]. Thus, the effects of agglomerates can be 
neglected. Beside this, other factors may be responsible 
and a detailed clarification of subcellular events regard- 
ing the exact nature of the toxic effects (apoptosis, ne- 
crosis) and the impairment of the cell proliferation 
needs to be done. In general, the physico-chemical prop- 
erties of nanoparticles (i.e. surface modifications) influ- 
ence the interaction of particles with cells and the 
effects related to these interactions [28]. 

In addition to the surface modification, it has been 
demonstrated by different groups that the size of gold 
nanoparticles has an influence on their internalization 
and the subsequent cellular reaction, such as cytotoxicity 
[29]. Although only two different-sized gold nanoparti- 
cles (10-11 nm and 25 nm) were examined in the 
present studies, an obvious size effect was not correlated 
to cytotoxic effect when endothelial cells were exposed 
to these nanoparticles. Furthermore, differences with 
two nanoparticles of the same size could also be 
observed. Both AuS0302-RIT and AuS0302RIS02 were 
the same size, however, a decrease in the expression of 
the proliferation factor Ki-67 as well as the increased 
toxicity was observed after exposure of cells to 1000 uM 
AuS0302-RIS02, indicating that size was not- but that 
the concentration of citrate was the relevant factor for 
causing these effects. In addition, the same effects were 
detected after the exposure of the endothelial cells to 
AuS0302-RIS04 which contained the same amount of 
citrate but were a different size. These results were also 
observed by Uboldi et al. who demonstrated that it was 
not the size but the amount of sodium citrate present in 
the gold nanoparticles that were responsible for the 
cytotoxic effects on the lung epithelial cell lines, A549 
and NCIH441 [10]. 

Interestingly, the effects exerted on the proliferation 
rate of A549 and NCIH441 after exposure to 500 uM to 
1000 uM AuNPs were more severe compared to those 
observed on the endothelial cells examined in the 
present study with the same nanoparticles [10]. The pro- 
liferation rate of epithelial cells was decreased compared 
to endothelial cells after exposure to high concentrations 
of gold nanoparticles with a higher concentration of 
sodium citrate on their surface. Moreover, the cytotoxic 
effects and the effects on cell viability were milder in 
endothelial than in epithelial cells as measured by the 



LDH and MTS assays. These studies indicate that specific 
cell types respond differently to a particular nanoparticle. 

Further studies were carried out to determine whether 
a correlation existed between the amount of internalized 
particles and cytotoxicity. Cells examined by transmis- 
sion electron microscopy showed that the AuNPs were 
internalized by both epithelial and endothelial cells. 
In previous studies, it was shown that in the epithelial 
cells A549 and NCIH441 the internalized AuNPs were 
located in vesicles enclosed in the perinuclear region 
[10]. The same results were observed in the human 
endothelial cells examined in these studies. Others, in 
contrast to these findings, demonstrated by TEM ana- 
lyses that 25 nm-sized gold nanoparticles could be 
detected in a freely dispersed form in the cytoplasm of 
airway epithelial cells A549 [30]. In addition to the intra- 
cellular localization of the AuNPs the TEM analyses 
showed that the exposure to gold nanoparticles did not 
alter the cell morphology. 

A quantification of internalized AuNPs was carried 
out by the more sensitive atomic emission spectroscopy 
(ICP-AES). These analytical results obtained after ana- 
lysis of cell populations exposed to nanoparticles corre- 
sponded with the TEM images of single cells, namely 
the presence of sodium citrate did not influence the up- 
take behavior of the gold nanoparticles in endothelial 
and epithelial cells. Similar amounts of gold nanoparti- 
cles were taken up regardless of the presence or absence 
of citrate. In addition, ICP-AES analysis showed that epi- 
thelial cells internalized more gold nanoparticles than 
endothelial cells. Similar results were reported by Xia 
et al. who also showed that different uptake mechanisms 
of cationic polystyrene nanospheres were observed in 
human endothelial cells (HMEC) compared to epithelial 
cells (BEAS-2B). However, these results were not corre- 
lated to any quantitative parameter of internalization of 
the nanospheres. Nevertheless, BEAS-2B cells reacted in 
a more sensitive manner compared to endothelial cells 
and exhibited necrotic cell death after exposure. These 
findings were also observed in RAW 264.7 murine 
macrophages, with the authors concluding that this 
difference was due to the more sensitive character of 
epithelial cells as the first-line-of-defense-features in pul- 
monary cell types [31]. In our study, the more sensitive 
character of the epithelial cells after exposure to 
AuS0302-nanoparticles was reflected by a decreased 
proliferation rate demonstrated by the Ki-67 assay, and 
not increased cytotoxicity after exposure to the AuNPs 
as reported by the group of Xia. The higher sensitivity 
could also not be explained in detail by Xia et al. One 
possible explanation for the difference in the uptake 
between epithelial and endothelial cells might be a differ- 
ent interaction of nanoparticles with specific domains of 
the plasma membrane. According to Nel et al. different 
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forces are present between the particle and the cell 
surface which resist or promote nanoparticle wrapping 
[28]. Both promotive and resistive forces, which might 
differ from one cell type to another, could influence the 
uptake of nanoparticles. This hypothesis needs to be 
investigated further but could be an explanation for 
the different quantities of gold nanoparticles measured 
within the various cell types. 

The more severe effect on the proliferation of epithe- 
lial cells compared to endothelial cells could also be 
explained by the higher number of gold nanoparticles 
internalized, in combination with the presence of 
sodium citrate on the particle surface. AuS0302-RIT 
nanoparticles were internalized in high amounts after 
24 hours exposure, while the proliferation rate in epithe- 
lial cells was only slightly decreased compared to 
AuS0302-RIS02 and AuS0302-RIS04 even after 48 hours. 
Nevertheless, the influence of sodium citrate on the sur- 
face of particles not internalized could also play a role in 
inducing toxic effects on the cells. 

Conclusions 

In conclusion the higher amount of citrate on the par- 
ticle surface resulted in a higher impairment of cell via- 
bility, but did not enhance or reduce the uptake 
behavior in endothelial or epithelial cells. In addition, 
epithelial and endothelial cells exhibited different uptake 
behaviors for citrate-stabilized gold nanoparticles, which 
might be related to different interactions occurring 
at the nanoparticle-cell-surface interface. The different 
uptake in epithelial cells might explain the higher reduc- 
tion of proliferation of these cells after exposure to 
AuNPs treatment although more detailed investigations 
are necessary to determine subcellular events. Neverthe- 
less an extrinsic effect of sodium-citrate stabilized parti- 
cles could not be excluded. Thus, the amount of sodium 
citrate should be reduced to a level on which the stabil- 
ity of the particles and the safety for biomedical applica- 
tions are guaranteed. 

Methods 

Gold nanoparticles 

The water dispersible gold nanospheres were synthesized 
and characterized as described previously [10]. Briefly, 
the size of AuS0302-RIT and AuS0302-RIS02 was mea- 
sured by scanning transmission electron microscopy 
(STEM) and was determined to be 10 nm and 11 nm, 
respectively, while the size of AuS0302-RIS04 was 25 nm. 
The gold nanoparticles also differed in the amount of so- 
dium citrate on the particle surface. AuS0302-RIT con- 
tained 7% of sodium citrate compared to AuS0302-RIS02 
and AuS0302-RIS04. A reduction of sodium citrate did 
not result in an agglomeration or aggregation of the parti- 
cles as indicated by the same polydispersity index (PDI) 



in the different NP suspensions. The data is summarized 
in Table 1. 

Isolation of cells and cell culture 

Human dermal microvascular endothelial (HDMEC) 
cells were isolated from juvenile foreskin as previously 
described [32]. Briefly, cells were isolated by cutting the 
foreskin into small pieces and after enzymatic digestion 
in 0.4% collagenase (Gibco, Carlsbad, USA) for 16 hours 
the epidermis was manually separated from the dermis. 
After a second incubation with versene (Gibco, Carlsbad, 
USA) and 80 ul 2.5% trypsin (Gibco, Carlsbad, USA) 
for 2 hours, and after a mechanical treatment of 
the foreskin and filtering of the digested tissue, the 
cells were resuspended, seeded onto 0.2% gelatin-coated 
culture flasks and cultured in Endothelial cell basal 
medium (ECBM; Customer Formulation) supplemented 
with supplement mix (PromoCell, Heidelberg, Germany) 
and 10000 units/ml penicillin (Gibco, Carlsbad, USA)/ 
10000 ug/ml streptomycin (Gibco, Carlsbad, USA). To 
separate the endothelial cells from other contaminating 
cells such as fibroblasts, two separating steps with mag- 
netic CD-31 beads were performed after the cells were 
confluent. Following the first separating step cells were 
grown in ECBM supplemented with 15% fetal bovine 
serum, 2.5 ng/ml basal fibroblast growth factor and 
10 ug/ml sodium heparin (Sigma- Aldrich, St. Luis, 
USA), and 10000 units/ml penicillin (Gibco, Carlsbad, 
USA)/10000 ug/ml streptomycin (Gibco, Carlsbad, USA). 
Cells were only used up to passage three. 

The human cerebral microvascular endothelial cell line 
hcMEC/D3 was provided from the group of Pierre- 
Olivier Couraud (Department of Cell Biology, Institut 
Cochin, Paris, France). The morphological characteris- 
tics and the expression of numerous typical endothelial 
markers and cell adhesion molecules were previously 
shown [33], and were also confirmed by our group after 
culturing the cells on fibronectin-coated culture flasks in 
ECBM complete culture medium. The cells were sub- 
cultivated twice a week. 

The human alveolar type-II (AT-II)-like cell lines A549 
(ATCC number CCL-185,) and NCIH441 (ATCC number 
HTB-174) were purchased by LGC Promochem (Wesel, 

Table 1 Physicochemical characterization of the gold 



nanoparticles (partially reprinted from Uboldi et al. [10]) 



Samples 


%Au 
w/w 


% citrate 
w/w 


PDI 


dV mean 
(nm) 


D STEM 
(nm) 


AuS0302-RIT 


0.256 


0.048 


0.33 


21.2 


9.8 


AuS0302-RIS02 


0.282 


0.686 


0.33 


27.2 


11.2 


AuS0302-RIS04 


0.288 


0.686 


0.36 


28.2 


25 



PDI: polydispersity index. 

dV: mean diameter calculated by dynamic light scattering (DLS). 
D STEM: scanning transmission electron micrographs. 
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Germany). Cells were cultured in complete cell culture 
medium composed of RPMI 1640 with L-Glutamine 
(Invitrogen Corporation, Germany) and supplemented 
with 10% fetal bovine serum (Sigma Aldrich, St. Luis, 
USA) and penicillin (lOOOOU/ml) and streptomycin 
(10000 ug/ml) (Invitrogen Corporation, Germany). Cells 
were passaged weekly and maintained under standard con- 
ditions (5% CO2 and 95% humidified condition at 37°C). 

Cell viability, cell proliferation and cytotoxicity assay 

The cytotoxicity induced by gold nanoparticles was 
determined by the MTS assay, the Ki-67 assay and the 
lactate dehydrogenase (LDH) release assay. Cells were 
seeded in 96-well plates (TPP, Switzerland, 0.33 cm 2 
growth area) and exposed for 48 hours to 100 ul of dif- 
ferent concentrations of gold nanoparticles ranging from 
0 uM to 1000 uM. Nanoparticles were dispersed in 
complete cell culture medium in ECBM culture medium 
before being added to HDMEC and hCMEC/D3. Three 
to four independent experiments and three replicates for 
each experiment were performed. 

Cell viability was measured using the CellTiter 96 
AQueous non-radioactive assay (Promega, Mannheim, 
Germany). After 48 hours incubation with gold nanopar- 
ticles the supernatant was collected in a 96-well plate to 
analyze the LDH release. Cells were washed with 0.2% 
bovine serum albumin in HEPES buffer (pH 7.2) and 
incubated with cell culture medium containing 20% 
MTS solution at 37°C. The medium was transferred to a 
new 96-well and the absorption was measured by spec- 
troscopy at a wavelength of \ = 490 nm. The absorption 
of the untreated control cells was set as 100% viability. 

The cells were fixed with methanol/ethanol solution 
(2:1) at room temperature for 20 minutes. Afterwards 
cells were washed in PBS and permeabilized with 0.1% 
Triton-X-100 in PBS for 10 minutes. After additional 
washing steps with a solution containing PBS/0.05% 
Tween-20, the cells were incubated (45 minutes at 37°C 
on a rotating plate) with 1 ug/ml mouse anti-human 
Ki-67 antibody (clone MIB-1; DAKO, Germany). Cells 
were then incubated for 45 minutes at 37°C with anti- 
mouse IgGl peroxidase (DAKO, Germany), and washed 
with PBS/0.05% Tween-20. Subsequently, cells were 
incubated for 10-20 minutes at 37°C with a solution 
(170 ul/well) composed of 50 mL citric buffer mixed with 
20 ul 30% oxygen peroxide and o-phenylenediamine. 
After the incubation the enzymatic reaction was stopped 
by transferring the solution to a new 96-well plate con- 
taining 3 M hydrochloric acid (HC1) (50 ul/well). The 
absorption was detected by spectrophotometry at a wave- 
length of \ = 492 nm. Results are depicted as mean values 
in% of the cellular proliferation of the untreated controls. 
LDH release into the medium was detected using the 
CytoTox 96 non-radioactive cytotoxicity assay (Promega, 



Mannheim, Germany) as recommended by the manufac- 
turer. The release of LDH in the untreated cells was used 
as control, and the LDH activity of lysed cells set at 100%. 
Data were analyzed using GraphPad Prism version 5.00 
for Windows (GraphPad Software, San Diego California 
USA, www.graphpad.com). 

Uptake and transmission electron microscopy studies 

Thermanox cover slips (NUNC-Thermo Fisher Scien- 
tific, Germany) were transferred into a 24-well plate 
(TPP, Switzerland, 2.0 cm 2 growth area) and were coated 
with fibronectin. Cells were seeded on the cover slips 
and cultivated until confluence. For the incubation at 
37°C, cells were exposed to 1.1 ml 300 uM gold nano- 
particles AuS0302-RIT, AuS0302-RIS02 and AuS0302- 
RIS04. After 24 hours of exposure cells were washed and 
then fixed with 2.5% glutaraldehyde in cacodylate buffer 
(pH 7.2) for 20 min. This was followed by a fixation step 
in 1% (w/v) osmium tetroxide for 2 hours and dehydra- 
tion in ethanol. Cells were transferred through propylene 
oxide. Afterwards the samples were embedded in agar- 
100 resin (PLANO, Germany) and polymerized at 60°C 
for 48 hours. Ultrathin sections were cut with an ultra- 
microtome (Leica Microsystems, Germany), placed onto 
copper grids and stained with 1% (w/v) uranyl acetate 
in alcoholic solution and lead citrate. Ultrastructural 
analysis was performed with a transmission electron 
microscope EM 410 (Philips; Eindhoven, Netherlands). 

Quantification of internalized Au-NPs 

Cells were seeded onto fibronectin-coated 24-well plates 
(TTP, Switzerland, 2.0 cm 2 growth area). After reaching 
confluence the medium was replaced by the 1.1 ml 
nanoparticle suspension (50 uM). After treatment for 
24 h the cells were washed with HEPES + 0.2% BSA, 
detached by trypsin incubation and transferred after the 
addition of 0.9 ml PBS to microcentrifuge tubes. The cell 
suspension was stored at -20°C until analysis. To the 
cell lysate solution 0.15 ml of aqua regia (3:1 hydro- 
chloric acid : nitric acid [Caution must be taken when 
handling, as reactions are exothermic]) was added. Fol- 
lowing incubation overnight, the samples were then fur- 
ther diluted to 5 mL using milliQ water to give a total 
sample volume of 5 ml. These samples were then ana- 
lysed for total gold content by inductively coupled 
plasma atomic emission spectroscopy (ICP-AES), and 
the measurement was repeated 3 times for each sample. 
A PerkinElmer Optima 5300 DV was used, and values 
reported were based on a calibration curve using an Au 
ICP standard from Sigma- Aldrich (UK). Since the diam- 
eter of the gold nanoparticles was known we calculated 
the gold atoms per particle and determined the number 
of particles per well. To determine the percentage share 
of particles internalized by the cells we used the total 
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amount of gold nanoparticles calculated by the concen- 
tration applied, the diameter of particles and the number 
of particles internalized. 
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